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ABSTRACT:  
 

Birnessite δ-MnO2, with its low cost, high theoretical capacity, and stable cycling performance 

in aqueous electrolytes, holds promise as an electrode material for high-power and cost-

effective electrochemical energy storage devices. To address its poor electronic conductivity, 

we incorporated environmentally friendly iron into birnessite and conducted a comprehensive 

study on its influence on crystal structure, electrochemical reaction mechanisms, and energy 

storage performance. In this study, a series of birnessite samples with varying iron content (δ-

Mn1-xFexO2 with 0 ≤ x ≤ 0.20) were synthesized using solid-state reactions, resulting in well-

crystallized particles with micrometric platelet morphology. Through X-ray absorption and 

Mössbauer spectroscopies, we clearly demonstrated that Fe replaces Mn in the metal oxide 

layer, while X-ray diffraction revealed that iron content significantly affects interlayer site 

symmetry and the resulting polytype. The sample with the lowest iron content (δ-

Mn0.96Fe0.04O2) exhibits a monoclinic birnessite structure with an O-type interlayer site, while 

increasing iron content leads to hexagonal symmetry with P-type interlayer sites. 

Electrochemical investigations indicated that these P-type sites facilitate the diffusion of 

partially hydrated alkaline ions and exhibit superior rate capabilities compared to the O-type 

phase. Furthermore, operando XAS revealed that Fe is electrochemically inactive and that the 

charge storage in birnessite-type phases in a 0.5M K2SO4 electrolyte primarily relies on the 

redox reaction of Mn. Finally, we determined that P-type δ-Mn0.87Fe0.13O2 achieved the best 

compromise between enhancing electrical conductivity and maintaining a maximum content of 

electrochemically active Mn cations. 
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Introduction  

Pseudocapacitive materials operating in aqueous electrolytes offer the advantages of fast 

charging and high safety during their charge and discharge cycles, which are two crucial 

characteristics desired for electrochemical energy storage devices.1,2 Among the most 

promising pseudocapacitive materials, the birnessite δ-MnO2 stands out due to its abundance, 

low cost, high theoretical capacity and stable cycling performance in aqueous electrolyte.3–10 

Moreover, its reaction mechanisms upon cycling in aqueous electrolytes (1M K2SO4), subject 

of debate, was recently elucidated by Augustyn et al.11 They demonstrated that birnessite 2D 

structure, with a large interlayer spacing resulting from the presence of nanoconfined structural 

water molecules, enables extremely fast and efficient intercalation of partially hydrated alkaline 

ions, leading to capacitive like electrochemical signature.  

Nonetheless, the practical application of δ-MnO2 phases is strongly hindered by their low 

electronic conductivity that negatively impacts the capacity at high rates.12–15 To address this 

issue, various strategies have been explored in the literature. One of the most common 

approaches involves synthetizing hybrid compounds by combining MnO2 with electronically 

conductive carbon material such as carbon nanotube,16,17 carbon fiber,18,19 graphene20,21 or 

conductive polymer.22,23 Another interesting approach to boost the electronic conductivity is 

the elaboration of composites-nanocomposites MnO2/conductive metal24 or MnO2/transition 

metal oxides.25,26 Although these approaches improve overall conductivity, the intrinsic 

electronic conductivity of the birnessite phase remains unchanged and the performance of 

composite electrode materials heavily relies on achieving a homogeneous distribution between 

the electronic conductive phase and MnO2.
26 To overcome this issue, it is possible to 

incorporate heteroatom into birnessite to change its electronic structure and reduce its electronic 

band gap.27–30 For instance, Liu et al. have demonstrated through first principle calculations that 

a partial substitution of Mn3+/4+ by Fe3+ in the metal oxide layer reduces the electronic band gap 

from 1.03 eV to 0.62 eV (for 33 mol% of substitution) and enhances the specific capacity when 

compared to δ-MnO2 at equivalent charging/discharging rates.31 However, some aspects related 

to Fe incorporation into δ-MnO2 (Fe-MnO2) still require clarification. The commonly used low-

temperature synthesis, aiming at achieving nano-structuration, results in birnessite phases with 

poor crystallinity, limiting detailed structural investigations of the localization of Fe and its 

impact on the interlayer site (prismatic or octahedral). Furthermore, the reaction mechanisms 

in Fe-MnO2 during cycling remain unknown due to the potential redox activity of both Fe and 

Mn elements 31,32.  

Therefore, the objectives of this work are to investigate the impact of incorporating 

environmentally friendly iron into birnessite phases on the crystal structure, electrochemical 

reaction mechanisms, and performance.  Well-crystallized birnessite-type phases with varying 

iron content were synthesized and a detailed study on the structure and iron local environment 

for each phase was performed using complementary techniques, including X-ray diffraction, 

Mössbauer, X-ray absorption and Raman spectroscopy. Operando X-ray absorption 

spectroscopy experiments were performed at both Mn and Fe edges to reveal the nature of the 

redox mechanisms upon cycling in neutral electrolyte. Finally, the rate capability, long-term 
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stability and materials resistivity were correlated with the amount of iron and the nature of the 

alkaline site in the interlayer spacing.   

 

Experimental part: 

Synthesis 

The birnessite phase δ-MnO2 was obtained through the thermal decomposition of potassium 

permanganate.33 To achieve this, 1 g of KMnO4 (Sigma Aldrich) was grounded in a mortar and 

then placed into an alumina boat. The powder was heated at 800°C for 5 hours, with heating 

and cooling ramp rates of 5°C/min. The resulting dark powder was washed multiple times with 

deionized water to remove the two impurity phases K2MnO4 and K3MnO4 which are soluble in 

water (forming a blue/green and then purple solution). The final sample was air-dried for two 

days at 50°C and named δ-MnO2. For the iron birnessite samples, 1 g of KMnO4 was thoroughly 

mixed with Fe(NO3)3.9H2O (Sigma Aldrich) in a mortar to achieve the molar ratio  

Mn1-xFex of x = 0.04, 0.09, 0.13 and 0.20. The subsequent steps of the synthesis were the same 

as for δ-MnO2. The iron birnessites were designated as δ-Mn1-xFexO2 where x corresponds to 

the amount of iron in the structure. 

Powder X-Ray Diffraction 

A Philips Panalytical X’Pert Pro diffractometer was used to record the XRD patterns with a 

copper source (Kα radiation: λKα1= 0.1540 nm and λKα2 = 0.1544 nm). X-ray diffractograms 

were recorded for about 3 hours in the 10°−80° (2θ) angular range, with a 0.02° (2θ) step size 

and a 2.022° (2θ) active width in the detector. 

Structural powder data analysis was performed using either a profile matching mode or the 

Rietveld refinement method, using the single crystal structure model within the JANA2006 

crystallographic system.34 The background was fitted with a Chebyshev polynomial function, 

and the peak shapes were described using a Pseudo-Voigt function. To achieve a stable crystal 

chemical model, certain parameters, such as Fe/Mn (since distinguishing Fe and Mn by XRD 

is challenging due to their close X-ray scattering form factors), were constrained during the 

final stages of the refinement process to align with other experimental methods utilized in this 

study (see Tables S2-S4 for further details). 

Inductively Coupled Plasma – Optical Emission Spectroscopy (ICP-OES) 

The quantities of Mn, Fe and K elements were evaluated in our materials by chemical analyses 

using a Varian 720ES ICP-OES spectrometer. The samples were prepared by dissolving ~10 

mg of powder into a 37% solution of HCl. The solutions were heated until the total dissolution 

of powders. To obtain a concentration of the target element between 1 and 200 mg/L, the 

solutions were diluted through the addition of deionized water. The solution is then introduced 

in a nebulization chamber along with an argon flow to create an aerosol. Five measurements 

were realized for each sample for accuracy. 

CHNS analysis 
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1.5 mg was weighted in a tin foil and burned at 920°C under oxygen excess to quantify the % 

of hydrogen in the sample. The combustion products (H2O) were detected and quantified by a 

Thermo Flash EA 111E Series apparatus. To control the accuracy two measurements are 

conducted. 

Scanning Electron Microscopy 

The scanning electron microscopy (SEM) images were taken using a TESCAN Vega microscope with 

a tungsten source at 15 kV accelerating voltage. The EDX analysis was carried out on a SEM Tescan 

Vega microscope (TESCAN, Czech Republic) equipped with the energy-dispersive spectrometer X-Act 

(Oxford Instruments, UK) and this revealed a homogeneous distribution of Fe within the samples. 

57Fe Mössbauer spectroscopy 

57Fe Mössbauer experiments were performed at room temperature (293 K) in transmission 

geometry with a constant acceleration Halder-type spectrometer equipped with a 1.85 GBq 57Co 

radioactive source (embedded in a Rh matrix), which was maintained at 293K. The velocity 

scale (in mm/s) was calibrated regarding the Mössbauer spectrum of a pure α-Fe0 thin foil. In 

order to avoid any saturation effects, the mass of sample powder was adjusted to prepare thin 

absorbers with about 5 mg/cm2 of iron. The Mössbauer hyperfine parameters and the relative 

areas of each component were refined using the WinNormos software (Wissenschaftliche 

Elektronik GmbH). 

X-ray absorption spectroscopy  

Synchrotron XAS measurements were performed at manganese and iron K-edges in 

transmission mode at the ROCK beamline of the SOLEIL synchrotron (France). Reference 

samples available for Mn (MnO, Mn3O4, Mn2O3 and MnO2) and Fe (Fe2O3 and Ferrihydrite) 

were measured to assign the oxidation states of Mn and Fe, respectively. The operando XAS 

spectra at Mn and Fe K-edges were recorded on the same electrode made of δ-Mn0.80Fe0.20O2, 

carbon black (Alfa Aesar, 99.9+%), and polytetrafluoroethylene (PTFE, Sigma-Aldrich, 

99.9%) as a binder, with a weight ratio of 80/15/5 and the mass loading of 2-4 mg/cm2. The 

Si(111) channel-cut monochromator with an oscillation frequency of 2 Hz was used to select 

the incident energy, and the angle and oscillation range were optimized to cover the whole 

energy range from Mn to Fe K-edge. We have used a pellet made of a mixture of MnO2 and 

Fe2O3 and placed between I1 and I2 to ensure the energy calibration versus a Mn and Fe foils. 

The quick-XAS spectra were averaged over 25 seconds to obtain a reasonable signal to noise 

ratio at both edges. We have used the in situ 3-electrodes electrochemical cell designed by IMN 

(Nantes) and described in Figure S1. 35  Electrochemical cycling was performed in 0.5M K2SO4 

electrolyte at 2 mV/s and in the potential range -0.2 to 1 V vs Ag/AgCl. The XAS analysis was 

performed using the Demeter software package.36 For the extended X-ray absorption fine 

structure (EXAFS) analysis, Fourier transforms of the k2-weighted EXAFS oscillations for Mn 

and Fe K-edges were carried out in the k-ranges of 2.7 and 11.2 Å–1 using a sine window. The 

partial radial distribution is not corrected by the phase shifts.  

Electrode preparation 
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To evaluate the electrochemical performance of each sample, the birnessite was mixed with 

carbon black and polytetrafluoroethylene (PTFE) in a weight ratio of 80/15/5 for active 

material/carbon black/PTFE. The resulting mixture was then used to prepare the working 

electrode, which was pressed at 5 bars onto a stainless-steel substrate for one minute. The mass 

loading of each electrode was approximately 10 mg/cm². Measurements were performed in a 

0.5M K2SO4 solution using a 3-electrode configuration at 25 °C. The reference electrode used 

was Ag/AgCl, while a platinum wire served as the counter electrode. Electrochemical 

impedance spectroscopy (EIS) measurements were conducted using electrodes that were 

pressed onto stainless steel current collectors, which were gold-coated via sputtering. This gold 

coating was applied to suppress or minimize the contact impedance between the current 

collector and the active material. The EIS measurements of the composites were performed at 

open circuit potentials in 0.5 M K2SO4. A perturbation of 5 mV was used for the measurements, 

and the frequency range was set from 10 kHz down to 10 mHz. 

 

Results and discussion: 

General structural characterization 

The high-temperature syntheses employed in this study allowed for the production of a 

series of well-crystallized compounds, which is crucial for investigating the influence of 

chemical composition (specifically iron vs. manganese content) on the crystal structure of the 

electrode materials. The powder XRD patterns (PXRD) of the obtained 5 materials are 

presented in Figure 1a, revealing that the thermal treatment of KMnO4 at 800°C, with or without 

the presence of iron nitrate, consistently resulted in the formation of the birnessite-type phases, 

regardless of the Fe content in the precursors mixture. 

The crystal structure of δ-MnO2 (birnessite) is built up from weakly bound brucite-like slabs 

made of edge-shared MnO6 octahedra oriented parallel to the ab plane and separated by alkaline 

cations and a single layer of water. For all the compounds, the intense (00l) reflection 

corresponding to a d-spacing of approximatively 7.1 Å (2θ ≈ 12.5°) is consistent with a single 

intralayer of water molecules characteristic of birnessite phase. The charge deficiency within 

the MnO2 slabs resulting from the presence of vacancies and/or transition metals (Mn and Fe) 

in oxidation states lower than 4+ is compensated by K+ cations in the interlayer space, as 

KMnO4 was utilized as the precursor.  

ICP-OES studies were conducted to determine the elemental content of Fe, Mn and K in the 

prepared samples. The obtained weight percent (wt.%) ratios, as summarized in Table S1, 

provide justification for synthesizing manganese-based oxide materials with varying iron 

contents (x = 0, 0.04, 0.09, 0.13, and 0.20). Accordingly, each sample is referred to as δ-Mn1-

xFexO2 and their chemical formulas are reported Table S1. 

A thorough analysis of the PXRD patterns (Figure 1b) reveals that the different Fe content has 

the ability to modify the crystal structure of δ-Mn1-xFexO2. It leads to the crystallization of 

birnessite polytypes with distinct layer stackings of MnO2 slabs, leading to significantly 

different X-ray diffraction patterns. This diversity of all possible polytypes was 

https://doi.org/10.26434/chemrxiv-2023-lh8km ORCID: https://orcid.org/0000-0001-7430-0266 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0

https://doi.org/10.26434/chemrxiv-2023-lh8km
https://orcid.org/0000-0001-7430-0266
https://creativecommons.org/licenses/by-nc/4.0/


comprehensively and systematically described by Drits et al. (See supporting Information Part 

S1).37 

The iron-free synthesized material, δ-Mn1-xFexO2 (x = 0), exhibits a hexagonal layer symmetry 

with a two-layer periodicity, and crystallizing in the hexagonal space group P63/mmc. As a 

starting model for Rietveld refinement, we used the birnessite structure reported in the work of 

Gaillot et al.38 This material was also obtained through a thermal decomposition of KMnO4 at 

800°C. Its structural feature involves the presence of interlayer Mn3+ cations positioned above 

or below vacancies in octahedral Mn4+O2 slabs (Figure 2a). The refined unit cell parameters 

and the results of the Rietveld refinement for our synthesized material are given in Table S2 

and Figure S2, respectively. In its crystal structure, oxygen sites are stacked in a 

…=AB=BA=AB=… stacking manner along the c-axis, while potassium cations ions are 

accommodated at ‘prismatic’ sites between MnO2 slabs. This material can be classified as a P2 

(or 2H1 in a mineralogical notation) polytype. A visible broadening and asymmetry of observed 

XRD peaks (Figure 1, black) also indicate a turbostratic stacking, which suggests a slight 

random rotation of successive slabs along the c axis. This behavior is typical for water-

containing layered compounds, where H2O molecules acts as a ‘glue’ that holds parallel sheets 

together, allowing adjacent sheets to potentially shift and orient relative to one another. 

The incorporation of x=0.04 Fe into the structure of δ-MnO2 results in significant structural 

changes. Fe3+ and Mn3+ cations migrate to the slabs and occupy the vacancies, leaving only 

potassium and water in the interlayer spacing. Appearance of M3+-centered octahedra of larger 

dimensions (Fe3+ ≈ Mn3+ > Mn4+) and the Jahn-Teller distortion typical for Mn3+, both decrease 

the symmetry of the Mn0.96Fe0.04O2 slabs to orthogonal and the whole crystal structure is now 

described in the monoclinic space group C2/m. Isotypical Fe-free birnessite phase was used as 

starting model for the Rietveld refinement of δ-Mn0.96Fe0.04O2.
39 The ratio of Mn3+ and Mn4+ 

species in the metal oxide layer can be deduced from the structural data by balancing the charge 

of the structural formula to the neutral value. Interestingly, the structure refinement results show 

a higher content of Mn3+ in our Fe-bearing sample (Mn3+/Mn4+ = 0.42) compared to the reported 

monoclinic birnessite (Mn3+/Mn4+ = 0.30). (Figure S3 and Table S3). This finding aligns well 

with the chemical analyses, which revealed a slightly higher amount of K+ for δ-Mn0.96Fe0.04O2 

to compensate the charge compared to the reported Fe-free δ-MnO2. The analysis of oxygen 

stacking shows the …–AB– CA–BC–AB–… oxygen packing sequence with an octahedrally 

coordinated K site (Figure 2b). As a result, the δ-Mn0.96Fe0.04O2 slabs repeat in a period of three, 

and the structure belongs to O’3 (or 1M2) polytype, where a prime superscript symbolizes the 

monoclinic distortion of the unit cell. 

A careful analysis of the PXRD (Figure 1b, red) reveals the presence of additional small peaks 

that cannot be indexed by the O’3 polytype alone. In order to identify their origin, a series of 

simulations of idealized birnessite varieties was performed using the FAULTS program.40 The 

comparison between the experimental data and the simulated patterns allowed us to distinguish 

and identify two distinct polytypes, as illustrated in Figure S4. The second observed phase can 

be described by another birnessite polytype, which crystallizes in the orthorhombic Ccmm space 

group. The birnessite structure from the work of Gaillot et al. was used as a starting model for 

the simulation.41 This particular crystalline structure is characterized by a simple 
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…=AB=BA=… oxygen packing, with transition metal slabs mirrored to each other and K atoms 

occupying prismatic sites. It belongs to the P2 (or 2O1) polytype. Once again, the presence of 

distorted Mn3+O6 octahedra results in the orthogonal symmetry of the slabs for this composition. 

Due to minor amount of the polytype in the synthesized sample, it was not possible to perform 

a Rietveld refinement for the orthorhombic phase. 

For all other compounds with higher iron content, a different transformation of the crystal 

structure occurs, resulting in the growth of another birnessite polytype. The crystal structure of 

these phases can be refined in the rhombohedral space group R-3m (Figure 2c). The results of 

the Rietveld refinement for the compound containing x=0.09 of Fe are presented in Figure S5 

and Table S4. The increased presence of regular Fe3+O6 octahedra in slabs leads to the 

restoration of hexagonal symmetry. The crystal structure corresponds to the P3 (or 3R1) 

polytype, which is equivalent to an …=AB=BC=CA=AB=… oxygen stacking sequence with a 

prismatic environment for potassium cations. 

 

Figure 1: Powder XRD patterns of the δ-Mn1-xFexO2 samples with 0% (black), 4% (red), 7% 

(blue), 13% (green), and 20% (purple) of Fe synthesized at 800°C. The asterisks and small 

black triangles on (b) show the secondary phases – P2 and O’3 polytypes, respectively. See text 

for details. 
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With an iron content of x=0.20, additional small peaks can be observed on the PXRD pattern 

(Figure 1, purple), which may likely belong to the monoclinic birnessite variety (O’3 polytype) 

previously identified for δ-Mn1–xFexO2, x = 0.04. A joint contribution of two phases with e.g. 

x=0.04 and 0.20 of Fe cannot be excluded for this material. It should be noted that the presence 

of second phases has also been also reported by Ogata et al. for δ-MnO2 with high content of 

substituted Ni (≥15%), Co (≥50%), and Al (≥25%).42 

To summarize this part, the incorporation of a small amount of Fe (δ-Mn0.96Fe0.04O2) results in 

a main birnessite-type phase crystallizing with a monoclinic space group and an O-type 

interlayered site. On the other hand, a higher iron content induces a phase with hexagonal 

symmetry of MnO2 slabs and interlayer potassium P-type sites. This change of symmetry is 

also confirmed by Raman spectroscopy, as detailed in Figure S6. 

 

 

Figure 2: Crystal structures of δ-Mn1–xFexO2, x = 0 (a), 0.04 (b), and 0.09 (c). 
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Table 1: Crystallographic data for synthesized materials δ-Mn1–xFexO2. Rietveld data for x=0, 

0.04 and 0.09 compositions. Profile matching for the others. 

x Sp. gr. a, Å 
b, Å 

β, ° 
c, Å Vol. (A3) 

O stacking 

(polytype) 

0.00 P63/mmc 2.8582(7) 2.8582(7) 14.246(3) 100.79(4) P2 (2H1) 

0.04 C2/m 5.1459(15) 
2.8499(8) 

100.717(10) 
7.11713(9) 103.34(5) O’3 (1M2) 

0.09 R3̅m 2.8815(7) 2.8815(7) 21.354(5) 153.55(6) P3 (3R1) 

0.13 R3̅m 2.8871(3) 2.8871(3) 21.330(2) 153.98(3) P3 (3R1) 

0.20 
R3̅m 

C2/m* 

2.8786(13) 

. 

2.8786(13) 

. 

20.965(9) 

. 

150.45(11) 

. 

P3 (3R1) 

O’3 (1M2) 

* – due to its minor content, we were unable to refine the unit cell parameters of the second phase. 

Scanning electron microscopy (SEM) analyses of the samples (Figure 3) reveal that the 

morphology of iron free sample δ-MnO2 and the x=0.04 compounds (Figures 3a,b) are 

characterized by a three-dimensional network of interconnected platelets, exhibiting large 

cavities of a few microns in size. The platelet in both compounds have similar sizes, with widths 

ranging from 1 to 5 μm and thickness between 300 and 600 nm. For samples with higher Fe 

content (Figures 3c,d,e), a slight decrease in the platelets size is observed, and the objects appear 

more randomly dispersed. The platelet width decreases and appears to be centered around 1 

μm. It is likely that the presence of iron during the synthesis process induces defects that inhibit 

particle growth. As the Fe content increases, the primary particle size becomes smaller (Figure 

3). Similar effects have been reported in the literature following the addition of iron.31,43–46 

Nevertheless, the particle size in this series of material remains significantly larger than the 

typical range of 5 to 100 nm observed for birnessites obtained through "chimie douce" 

methods26,47. Finally, EDX mappings performed on the series of samples confirmed the 

homogeneous distribution of Fe throughout the entire sample, as illustrated Figure 3f for the δ-

Mn0.8Fe0.2O2 sample. 
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Figure 3: SEM images of a) δ-MnO2, b) δ-Mn0.96Fe0.04O2, c) δ-Mn0.91Fe0.09O2, d) δ-

Mn0.87Fe0.13O2, e) δ-Mn0.80Fe0.20O2 and f) mapping of Fe element in δ-Mn0.80Fe0.20O2 sample. 
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Investigation of Fe local environment 

57Fe Mössbauer spectroscopy was performed to get additional structural information, 

particularly regarding the local environment of Fe. The spectra for all samples are displayed 

in Figure 4, while the refined parameters including the isomer shift (δ), quadrupole splitting 

(Δ), full width at half maximum (Γ), and relative area of each signal are reported in Table 2. 

 

 

Figure 4: 57Fe Mössbauer spectra at room temperature (25°C) of δ-Mn1–xFexO2, a) x=0.04, b) 

x=0.09, c) x=0.13 and d) x=0.20. 

For the material with the lowest iron content (δ-Mn0.96Fe0.04O2), the Mössbauer spectrum can 

be described as the sum of two quadrupole doublets labeled QD1 and QD2 (shown in blue and 

in orange on the Figure 4), with relative areas of 85% and 15%, respectively. Both signals 

exhibit similar isomeric shift values (0.35-0.36 mm/s) which are characteristic of six-fold 

coordinated high-spin Fe3+.48 The significant difference in quadrupole splitting value between 

the two doublets (0.89 mm/s for QD1 and 1.44 mm/s for QD2) indicates two distinct Fe local 

environments. The larger  value for the QD2 doublet suggests a higher distortion of the Fe3+ 

site, while QD1 is associated with a more regular Fe3+ environment. The large QD2 quadrupole 

splitting value may also reflects some heterogeneity in the distribution of the first cationic 

neighbors of iron ions (Fe3+, Mn3+, Mn4+), which could be linked to the mixed O’3/P2 birnessite 

structure revealed by X-ray diffraction. Similar observations were reported in the work of Liu 
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et al.49 with the presence of two quadrupole doublets for Fe-doped birnessites. For birnessites 

with higher iron content (x ≥ 0.09), their Mössbauer spectrum can be fitted with a single 

component. The quadrupole doublet is then characterized by an isomeric shift at 0.34-0.35 

mm/s and a quadrupole splitting of 0.89-0.90 mm/s similar to the QD1 hyperfine parameters 

observed for δ-Mn0.96Fe0.04O2, and is also attributed to high spin Fe3+ in an octahedral site. The 

presence of a single doublet, compared to x=0.04, shows a more homogeneous distribution of 

iron in the MnO2 layer. Therefore, for all iron compounds within δ-Mn1–xFexO2 series, 

Mössbauer spectroscopy revealed the only presence of Fe3+ ions in octahedral sites. 

Table 2: Room temperature 57Fe Mössbauer hyperfine parameters values (isomer shift δ, 

quadrupole splitting Δ, line width Γ and the relative area) of δ-Mn1–xFexO2, a) x=0.04, b) 

x=0.09, c) x=0.13 and d) x=0.20. 

Sample Site  (mm/s) ∆ (mm/s) Γ (mm/s)  Area (%) 

δ-Mn0.96Fe0.04O2 

QD1 0.35(1) 0.89(1) 0.29(1) 85(3) 

QD2 0.36(1) 1.44(3) 0.25(2) 15(3) 

δ-Mn0.91Fe0.09O2 QD1 0.34(1) 0.89(1) 0.25(1) 100 

δ-Mn0.87Fe0.13O2 QD1 0.34(1) 0.90(1) 0.26(1) 100 

δ-Mn0.80Fe0.20O2 QD1 0.35(1) 0.89(1) 0.29(1) 100 

 

To further characterize the δ-Mn1–xFexO2 phases, X-ray absorption spectroscopy experiment 

were conducted at both Mn and Fe K-edge to obtain information about their valence state and 

local environment. The Mn K-edge XANES spectra of the birnessite series are represented on 

Figure 5a and confirm a mean oxidation state of manganese between +3 and +4, which is 

expected for a birnessite phase. In the literature, the average manganese oxidation state in a 

birnessite can vary depending on the precursor used for the synthesis and the synthesis method,  

and typically varies between 3.5 and 3.7.50 In our series, the average oxidation state of Mn is 

identical for all the P-type phases (x=0, 0.09, 0.13, 0.20) with a value of 3.67 (Figure S7). On 

the other hand, it slightly lowers for the O-type phase x=0.04 and a Mn average oxidation state 

of 3.61 could be determined (Figure S7). This higher amount of Mn3+, resulting in a more 

pronounced Jahn-Teller effect, aligns with the monoclinic structure previously described for δ-

Mn0.96Fe0.04O2. Besides, the Fe K-edge XANES spectra validate the trivalent state of iron 

deduced from Mössbauer spectroscopy. 
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Figure 5: a) Mn K-edge XANES spectra for all the series. Mn2O3 and MnO2 were used as 

reference to get the energy edge for Mn3+ and Mn4+ respectively.  b) FT-EXAFS spectra of δ-

Mn0.80Fe0.20O2 of the first iron (black) and manganese (red) neighbors. 

Besides, Fourier Transform of the EXAFS oscillations represents the radial distances from both 

Fe and Mn absorbing atoms in δ-Mn0.80Fe0.20O2 (Figure 5b). The first peak at ~1.5 Å 

corresponds to the first coordination sphere of the transition metal (iron or manganese), 

specifically the metal-oxygen distance. The second peak at 2.5 Å represents the contribution of 

two different distances, the metal-metal and metal-oxygen distances. As shown in the Figure 

5b, the peaks at 1.5 and 2.5 Å obtained at both Mn and Fe K-edge overlap, indicating that iron 

is located within MnO2 layer and has substituted manganese, which aligns perfectly with the 

X-ray structural determination. 

 

Electrochemical properties 

The impact of iron on the electrochemical properties was evaluated in 0.5M K2SO4 by cyclic 

voltammetry, galvanostatic charge/discharge and electrochemical impedance spectroscopy.  

At first glance, all Fe-based materials exhibit a similar electrochemical profile compared to δ-

MnO2. Their cyclic voltammogram (CV) is characterized by a rectangular shape typical of 

pseudocapacitive materials, along with a distinct and reversible redox peak. Notably, this latter 

appears to be more prominent for Fe-birnessites (Figure 6a). The presence of this well-defined 

redox peak in our study is supposed to be related to the highly crystalline micrometric platelet 

morphology of the particles.26 Indeed, Invernizzi et al. have observed a well-defined reversible 

redox peak only for highly crystalline birnessite when comparing the CV profiles of different 

birnessites.26 In our series, the incorporation of iron into the manganese oxide layer, whatever 

the Fe content, seems to be beneficial to electrode material as it increases its specific capacity 

(Figures 6a,b).  It should be noticed that, in the work reported by Liu et al. 31, the 

electrochemical profiles of birnessites synthesized by a different soft chemistry route did not 

exhibit significant redox peaks whatever the iron content. This discrepancy may be related to 

the lower crystallinity and order of the latter materials.  
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Figure 6: a) Cyclic voltammetry of the synthetized birnessites at 5 mV/s in 0.5M K2SO4, b) 

Discharge capacity retention at various current densities, c) Nyquist plots obtained from EIS 

measurements at open circuit potential d) Capacity evolution of the series of birnessite 

materials upon long term cycling in 0.5M K2SO4 at 3 A/g. 

With further galvanostatic charge/discharge measurements, we determined that the P-type Fe-

birnessite phases perform much better than δ-MnO2 at high current densities, particularly δ-

Mn0.87Fe0.13O2, which delivers a capacity of approximatively 30 mAh/g at 10 A/g versus only 

3 mAh/g for δ-MnO2 (Figures 6b and S8). On the other hand, although the capacity at low rate 

of δ-Mn0.96Fe0.04O2 (O-type phase) is higher than that of δ-MnO2, it decreases to a similar value 

when the current density reaches 10 A/g. This clearly suggests that the site symmetry of the K+ 

ion strongly influences the rate capability, and similarly to layer oxide electrode material in Li-

ion or Na-ion batteries, the P-type interlayer site allows for faster diffusion of hydrated alkaline 

in birnessite interlayer spacing and should be favored for supercapacitor applications51. Indeed, 

the face sharing prismatic sites provides a direct and facile ionic diffusion pathway from one P-

site to another whereas the diffusion within the network of edge sharing octahedral sites implies 

to migrate through adjacent tetrahedral sites, which is less favorable (Figure 7b).52 This 

difference in conductivity is also supported by the experimental lower polarization between the 

redox peaks for δ-Mn0.91Fe0.09O2, δ-Mn0.87Fe0.13O2 and δ-Mn0.80Fe0.20O2 (Figures 6a and 7) 

compared to δ-Mn0.96Fe0.04O2. Although δ-MnO2 also exhibits a prismatic interlayer site, the 
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presence on Mn in the interlayer spacing conjugated to the absence of Fe in the MO2 layer may 

both hinder the alkaline diffusion and limits the electronic conductivity respectively, which 

therefore limits the energy storage performance.   

These results were further confirmed by EIS measurements that were performed at an open 

circuit and are displayed in the Nyquist plot of Figure 6c. At high frequencies, the curves exhibit 

a semi-circle, indicative of a charge transfer mechanism, while at lower frequencies, the ionic 

diffusion within the sample can be estimated. From the Nyquist plots, it is evident that the 

incorporation of iron has a positive effect on the electrochemical properties. Regardless of the 

Fe content, the charge transfer resistance is reduced and mass transport is enhanced compared 

to δ-MnO2. However, once again, the P-type Fe-MnO2 demonstrates lower resistivity and better 

kinetics compared to the O-type phase, therefore confirming the previous findings.  

The capacity retention under prolonged cycling was evaluated by galvanostatic charge 

discharge in 0.5M K2SO4 at 3 A/g (-0.2/1.0 V vs Ag/AgCl) as shown in Figure 6d. Upon 5000 

cycles, the specific capacity of the P-type phases δ-MnO2, remains rather stable. It slightly 

decreases for δ-Mn0.87Fe0.13O2 and δ-Mn0.91Fe0.09O2, (from 39 and 35 mAh/g to 34.4 and 29 

mAh/g respectively), whereas it remains stable at 27 and 29.5 mAh/g for δ-MnO2 and δ-

Mn0.80Fe0.20O2 respectively. On the other hand, the specific capacity of δ-Mn0.96Fe0.04O2 quickly 

drops of around 30% during the first thousand cycles, before reaching an evolution comparable 

to that observed for δ-Mn0.91Fe0.09O2 and δ-Mn0.87Fe0.13O2. (Figure S9).  Finally, the obtained 

performances are very similar to those obtained in the literature by Liu et al.31 with a capacity 

of 30.5 mAh.g-1 after 6000 cycles at 5 A.g-1 in 1M Na2SO4 (-0.1-0.9 V vs SCE), comparable to 

this work with 34.4 mAh.g-1 for δ-Mn0.87Fe0.13O2 with a similar mass loading (10 mg/cm²).31 

This shows that Fe-birnessite micrometric particles performed as well as nanoparticles and 

comforts the charge storage driven by intercalation process versus capacitive one. 
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Figure 7: a) Comparison of the potential difference between the maximum of oxidation and reduction 

peaks extracted from the CV performed at 5 mV/s in 0.5M K2SO4  b) The direct alkaline diffusion 

path through face sharing prismatic site in P-type frameworks and indirect alkaline diffusion 

path with the intermediate tetrahedron site in O-type frameworks. 

Finally, it was shown by Liu et al. through first principle calculations that the incorporation of 

Fe3+ into birnessite allows to lower the electronic band gap which enhances the conductivity of 

the material31 however, it remains unclear whether  Fe is electrochemically active, or not, upon 

charge storage. To answer this question, we conducted operando X-ray absorption spectroscopy 

experiments on δ-Mn0.80Fe0.20O2 (Figure 7) to monitor the redox activity of the transition 

elements upon cycling.  
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Figure 8: Cyclic voltammetry at 2 mV/s in 0.5M K2SO4, b) Fe K-edge XAS spectra at different 

potential (refer on the cyclic voltammetry), c) Mn K-edge XAS spectra at different potentials 

and d) Change in shift energy as a function of the potential for δ-Mn0.80Fe0.20O2. 

The XAS spectra were acquired at both Mn and Fe K-edges during cycling in 0.5M K2SO4 and 

at specific potentials indicated on the cyclic voltammetry curve (Figure 8a). Firstly, it is 

observed that the energy position of the Fe K-edge XANES spectra remains unchanged during 

both charge and discharge, indicating that Fe remains in its trivalent state and is not 

electrochemically active (Figure 8b). On the other hand, the reversible energy shift of ~0.5 eV 

was observed in the Mn K-edge XANES spectra, clearly indicating continuous oxidation of Mn 

during charge and reduction during discharge (Figure 8c). Using the energy calibration curve 

(Figure S7), the average oxidation state of Mn was determined to vary from 3.62 up to 3.74, 

reflecting the reversible exchange of 0.12 e- during cycling between -0.2 and 1V (vs Ag/AgCl) 

at 2 mV/s. This finding is in perfect agreement with the capacity obtained from the CV curve 

(24.5 mAh/g) and highlights the fact that the charge storage primarily relies on the redox 

reaction of Mn. 

Furthermore, Figure 8d clearly shows a linear shift of the Mn K-edge with the potential, during 

charge and discharge, confirming the occurrence of redox reaction across the entire potential 

range and not solely limited to the redox peaks identified in the CV curves. 
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Conclusion  

A comprehensive study was conducted to understand the impact of incorporating 

environmentally friendly iron into birnessite phases on the crystal structure, electrochemical 

reaction mechanisms, and performance. A series of birnessite samples with varying iron content 

(δ-Mn1-xFexO2 with 0 ≤ x ≤ 0.20) were synthesized by solid-state reaction, leading to well-

crystallized particles with micrometric platelet morphology. We clearly demonstrated by X-ray 

absorption and Mössbauer spectroscopies that Fe substitutes Mn within the metal oxide layer 

and, by X-ray diffraction, that its content strongly impacts the interlayer site symmetry and the 

obtained polytype. For the sample with the lowest iron content (δ-Mn0.96Fe0.04O2), a monoclinic 

birnessite with an O-type interlayer site was obtained, while increasing iron content led to 

hexagonal symmetry of the metal oxide layer with P-type interlayer sites. The electrochemical 

investigations suggest that these P-type sites favor the diffusion of partially hydrated alkaline 

ions and present better rate capabilities than the O-type phase. In addition, Operando XAS have 

revealed that Fe did not exhibit electrochemical activity and that the charge storage of 

birnessite-type phases in 0.5M K2SO4 electrolyte principally relies on the redox reaction of Mn. 

Finally, we determined that P-type δ-Mn0.87Fe0.13O2 presented the best compromise between 

enhancing the electrical conductivity and keeping a maximum content of electrochemically 

active Mn cations.  
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